Introduction
Nanoparticle aggregation is a serious problem in nanotechnology, which leads to loss of function in nanomaterials [1] [2] [3] . Protein aggregation is similarly a serious problem in other research fields. When protein changes in conformation, it becomes prone to forming intermolecular association, resulting in difficulties in handling, shipping, and long-term storage [4] [5] [6] . In order to stabilize the dispersive state of native protein, various solution additives have been developed, such as Arg [7] , polyamine [8] , amino acid esters [9] , and amidated amino acids [10] . Poly(ethylene glycol) (PEG) is a unique hydrophilic polymer in combination with protein in aqueous media. For example, PEG works as a pseudomolecular chaperon [11] [12] [13] . PEG improves the blood circulation of protein by PEGylation reaction, which denotes covalent PEG modification to the protein surface [14] [15] [16] . During our investigation, we found that combination of PEG with Arg, the most widely used aggregation suppressor of protein [7, [17] [18] [19] , improved significantly the resistance of heat-induced denaturation of proteins. This paper deals with the synergy of PEG and Arg on the prevention of heat-induced aggregation and inactivation of lysozyme. 6 ,000 (PEG6000) and 20,000 (PEG20000), poly(acrylic acid) of M w 5,000 (PAA), poly(vinyl alcohol) (86-90 % hydrolyzed, degree of polymerization about 500) (PVA), poly(vinyl pyrrolidone) of M w 35,000 (PVP), dextran of M w 60,000-90,000 (Dex), and Micrococcus lysodeikticus were purchased from Wako Pure Chemical Industries (Osaka, Japan). Sodium dihydrogenphosphate dehydrate (NaH 2 PO 4 ) and disodium hydrogenphosphate (Na 2 HPO 4 ) were purchased from Nacalai Tesque (Kyoto, Japan). All the compounds were of the highest grade commercially available and used as received.
Material and Methods

Materials
Heat-induced inactivation of lysozyme in the presence of additives
Protein solutions containing 1.0 mg mL -1 lysozyme in 50 mmol L -1 Na-phosphate buffer with different concentrations of Arg and/or various polymers were prepared and adjusted to pH 7.0 by NaOH or HCl. A total of 200 µL of the solutions was added to micro disposal tubes. The solutions were heated at 98°C for 10 min using a temperature control system, PC-880 (Astec, Fukuoka, Japan). After heat treatment, the samples were centrifuged at 15,000g for 20 min at 25˚C.
The bacteriolytic activity of the soluble fraction was determined as follows [7] [8] [9] [10] 20] . A total of 1.5 mL of 0.5 mg mL -1 M. lysodeikticus solution in 50 mmol L -1 Na-phosphate buffer (pH 6.5) was mixed with 10 µL of the protein solution. The decrease in light scattering intensity of the solution was monitored by measuring the absorbance at 600 nm by Jasco spectrophotometer model V-550 (Japan Spectroscopic Company, Tokyo, Japan). The residual activity was determined by fitting the data to a linear extrapolation. After the heat treatment for 10 min, the residual activity in the absence of any additives was 2%. Even in the presence of 50 mg mL -1 PEG6000, the activity was only 7%. In the absence of PEG6000, the residual activity after heat treatment increased with increasing concentration of Arg (Figure 1 ; open circles). It is interesting to note that the residual activity dramatically increased with increasing concentration of Arg in the presence of PEG6000 (Figure 1; closed circles) . For example, Arg at the concentration of 200 mmol L -1 increased the residual activity more than the absence of Arg by only 22% in the absence of PEG6000, while in the presence of PEG6000, Arg dramatically increased the residual activity more than the absence of Arg by 71%. These results suggest that the effect of Arg on the suppression of inactivation of lysozyme was synergistically enhanced by PEG6000.
Heat-induced inactivation of lysozyme with Arg and various sizes of PEG
The crowding effect of polymers increases the stability of native and aggregation states of protein with increasing molecular weight of the polymer [21] [22] [23] [24] . In order to clarify the effect of the size of PEG, we investigated the residual lysozyme activity after the heat treatment for 10 min in the presence of Arg and/or various sizes of PEG (Figure 2 ).
In the absence of any additives, the residual activity after the heat treatment was 2%. Even in the presence of only PEG200-PEG20000, the residual activities were less than 10%. In the presence of Arg and PEG200 increased the residual activity more than the absence of Arg by only 13%. On the contrary, Arg and PEG6000 or PEG20000 increased the residual activity more than the absence of Arg by 50% and 49%, respectively. These results suggest that the primary factor in suppressing the heatinduced inactivation of lysozyme is the macromolecular crowding effect. In order to confirm the primary factor of the enhancing effect of PEG, we tested the heat-induced inactivation of lysozyme in the presence of Arg with various water-soluble polymers (Figure 3 ).
Heat-induced inactivation of lysozyme with Arg and various polymers
Arg and PEG6000 or PVP increased the residual lysozyme activity more than the absence of Arg by 50% and 43%, respectively. Other polymers, PVA, PAA, Dex, and Ficoll, however, the almost have no or very little enhancement of the effect of Arg on thermal inactivation of lysozyme. These differences would be due to the solubility properties rather than the size of the crowding effect; i.e., PEG6000 and PVP have an amphiphilic property, while others are typically hydrophilic. These data suggest that the enhancement of the effect of Arg on the prevention of heat-induced inactivation of lysozyme could be responsible for the hydrophobicity of amphiphilic polymer in addition to the macromolecular crowding effect of the coexistence of polymers.
Conclusion
Arg affects the prevention of heat-induced aggregation and inactivation of lysozyme in combination with amphiphilic polymers (PEG6000, PEG20000, and PVP) that affect the thermally unfolded proteins via hydrophobic moieties. However, it is unclear how Arg and these polymers synergistically enhance the effect of inactivation suppression. Arg and these polymers may play different roles in suppressing inactivation. 
